Abstract: Metal-mediated base pairs represent a powerful tool for the site-specific functionlization of nucleic acids with metal ions. The development of applications of the metal-modified nucleic acids will depend on the availability of structural information on these double helices. We present here the NMR solution structure of a self-complementary DNA oligonucleotide with three consecutive imidazole nucleotides in its centre. In the absence of transition-metal ions, a hairpin structure is adopted with the artifical nucleotides forming the loop. In the presence of Ag(I) ions, a duplex comprising three imidazoleAg+-imidazole base pairs is formed. Direct proof for the formation of metal-mediated base pairs was obtained from (1) 
Abstract
Metal-mediated base pairs represent a powerful tool for the site-specific functionalization of nucleic acids with metal ions. The development of applications of the metal-modified nucleic acids will depend on the availability of structural information on these double helices. We present here the NMR solution structure of a self-complementary DNA oligonucleotide with three consecutive imidazole nucleotides in its centre: In the absence of transition metal ions, a hairpin structure is adopted with the artificial nucleotides forming the loop. In the presence of silver(I) ions, a duplex comprising three imidazole-Ag + -imidazole base pairs is formed.
Direct proof for the formation of metal-mediated base pairs was obtained from 1 
J(
15 N,
107/109
Ag) couplings upon incorporation of 15 N-labelled imidazole. The duplex adopts a B-type conformation with only minor deviations in the region of the artificial base pairs. This structure represents the first example of a metal-modified nucleic acid with a continuous stretch of metal-mediated base pairs.
Nucleic acids such as DNA are becoming increasingly popular as versatile building blocks in nanobiotechnology as a result of their superb, predictable self-assembling properties and the high rigidity of their double helices on the nanoscale. 1 Their applicability can be extended even further by the introduction of functional groups such as metal ions. One recently established method for the site-specific functionalization of nucleic acids with metal ions is based on the use of metal-mediated base pairs. [2] [3] [4] [5] Such base pairs comprise natural or artificial nucleobases and rely on coordinative bonds to a central metal ion instead of (or in addition to) hydrogen bonds. Depending on the choice of nucleosides, metal ions, and oligonucleotide sequence, a plethora of metal-modified double helices can be generated. Even if focussing only on the use of artificial nucleosides, examples exist for DNA duplexes containing one or two metal-mediated base pairs interspersed between natural ones, [6] [7] [8] DNA double helices with continuous stretches of metalated base pairs, [9] [10] [11] and DNA duplexes with different metalmediated base pairs at pre-defined positions. 12 When including also metal-mediated base pairs from natural nucleosides, [13] [14] [15] even more combinations can be envisaged.
In addition to DNA, other nucleic acids such as RNA, 16 GNA 17 or PNA 18, 19 have been modified with metal-mediated base pairs, too. Experimentally derived structural information on such metal-mediated nucleic acids is very scarce: only one DNA double helix comprising two non-neighbouring metal-mediated base pair has been structurally characterized as yet. 20 In addition, the structure of one metal-containing GNA duplex is known. 21 Neither of these contains a continuous stretch of metalated base pairs despite the enormous interest in this type of modification. Interestingly, neither of the helices adopts the canonical B-type structure either: The DNA duplex containing two pyridine-2,6-dicarboxylate-Cu
2+
-pyridine base pairs crystallizes in the Z-conformation, probably as a result of the propensity of Cu 2+ ions to bind additional axial ligands (here: furanose O4' of a neighbouring thymidine and O6 of a neighbouring guanine). 20 The structural distortion that is necessary to place these ligands above and below the square planar Cu 2+ coordination environment provided by the artificial nucleosides leads to a destabilization of the B-conformation and a concomitant stabilization of the Z-conformation. The GNA duplex on the other hand adopts a conformation that is entirely different from the canonical A-, B-or Z-forms and is largely a result of the unnatural backbone.
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To fill the gap and gain structural insight into a nucleic acid double helix that actually contains metal ions along its helical axis (as shown in most cartoons representing metalmediated base pairs), we here determined the first structure of an oligonucleotide double helix that contains three consecutive silver(I)-mediated base pairs. In this paper, we describe the solution structure of the resulting DNA double helix as determined by NMR spectroscopy.
Results
The modified DNA adopts a hairpin in solution
For our structural investigations we used a self-complementary sequence with three consecutive artificial imidazole nucleosides in its centre (Fig. 1) . We could previously show that such a type of sequence adopts a hairpin structure with the artificial nucleosides being placed in the loop in the absence of transition metal ions. A rearrangement to form a regular double helix with neighbouring metal-mediated base pairs takes place in the presence of silver(I) ions. 22 Based on this observation, which is also known from other nucleic acids, other nucleobases and other metal ions, 16 we substituted the 1,2,4-triazole nucleosides used in those previous experiments by imidazole nucleosides due to their superior silver(I)-binding properties. 23 Moreover, the presence of three hydrogen atoms in imidazole as compared with two hydrogen atoms in triazole yields more Table S1 ), thereby providing evidence that indeed a hairpin structure was formed in the absence of silver(I) ions.
The solution structure of this modified DNA hairpin is shown in Fig. 3a . The structure determination of the oligonucleotide in the absence of silver(I) ions is based on 354 conformationally restrictive NOE distance restraints ( In the presence of silver(I), a duplex structure is adopted
After the addition of one equivalent of silver(I) ions (for details see Methods), i.e. the amount needed to form a duplex with three metal-mediated base pairs, the NMR spectra change considerably. Generally, the quality of the spectra improves significantly, and especially in the sequential walk region many new resonances appear ( Table S1 ). The increase in r H by about 30% is typical for a conformational change from hairpin to regular duplex and correlates well with previous observations. The solution structure of the resulting double helix is shown in Fig. 3b . The structure was determined based on 848 conformationally restrictive NOE distance restraints (Table 1) .
During structure refinement a non-crystallographic symmetry (NCS) term was applied to accomplish perfect C 2 symmetry as based on the NMR spectra (see above 
Discussion
The solution structure shown in Fig. 3b provides the first structural insight into a nucleic acid with consecutive metal-mediated base pairs. It also proves that a DNA double helix can adopt the regular B-type conformation while at the same time arranging metal ions along its helical axis (Fig. 4b) , as is evident from the base pair parameters shown in Fig. 5 and Supplementary   Fig. S1 , calculated with the programme 3DNA. 27 In both Fig. S1 ). Interestingly, small deviations from the B-type structure are observed for helical twist Ω and helical rise h Going along with the latter value of h, the metal-metal distances between neighbouring silver(I) ions along the helical axis amount to 3.92 Å and 3.97 Å for the lowest-energy structure, and vary between 3.79 and 4.51 Å for the 20 best structures. The total value of almost 4 Å for the lowest-energy structure appears to rule out direct metal-metal interactions.
This distance is unexpectedly large, especially considering that attractive argentophilic interactions are frequently observed between closely spaced silver(I) ions. 29 On the other hand, the high variation -also manifested in the relatively large standard deviation of the helical rise h for the central two base pair steps -shows that the energy differences between conformations with differing metal-metal distances are small. As a result, only minor energetic changes can lead to structures with a significant metal-metal interaction. shows that the metal ions are located along the helical axis. In the sole previous structure of a DNA duplex with metal-mediated base pairs, the metal ions were located at the periphery of the helix due to the Z-type conformation that was adopted in that structure. 20 The 
Oligonucleotide preparation
Phosphoramidites of the natural nucleosides as well as CPGs were purchased from Glen
Research. The oligonucleotides were prepared using an Expedite 8909 synthesizer in the DMT-off mode and purified by HPLC with a Nucleogen 60-7 DEAE column following standard procedures. For details see Supplementary Information.
NMR spectroscopy
All oligonucleotide NMR spectra were recorded on a Bruker AV700 MHz spectrometer equipped with a CP-TXI z-axis pulsed-field gradient CryoProbe®, except the 31 P spectra which were obtained on a Bruker AV2-400 MHz spectrometer equipped with a QNP probe. NOESY spectra acquired at 298 K with a mixing time of 250 ms. Distances were calibrated by using the CALIBA macro in DYANA. 33 The NOEs were grouped into four categories, corresponding to strong (1.8-3.0 Å), medium (1.8-4.5 Å), weak (3.0-6.0 Å) and very weak (4.0-7.0 Å). Structure calculation of the hairpin was then performed following standard procedures using DYANA 1.5 33 and XPLOR-NIH 2.15.0. 34 The imidazole (IMI for XPLOR-NIH) residue was inserted into the parameter and topology files by using the structural parameters from previous DFT calculations. 23 The IMI residue was then patched into the oligonucleotide like a standard nucleotide by the DYANA and XPLOR program, respectively.
For details see Supplementary Information.
Structure calculation of the duplex was performed with X-PLOR-NIH. 34 Torsion angles and sugar pucker restraints were set based on the NMR data as described for the hairpin. The backbone torsion angles were set to exclude the trans range and cover the B-DNA range. The sugar pucker was restrained to S-type and the glycosidic torsion angle χ was set to -120±20°
(anti) for all residues, apart from the imidazole moieties, which were left unrestrained. First, an extended structure was generated including the geometrical parameters of the Im-Ag 
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